Background/Aims: Increasing evidence has shown that miR-125a plays important role in human cancer progression. However, little is known about the function of miR-125a in osteosarcoma. Methods: The expression of miR-125a in osteosarcoma tissues and cell lines were examined by qRT-PCR. The biological role of miR-125a in osteosarcoma cell proliferation was examined in vitro. The targets of miR-125a were identified by a dual-luciferase reporter assay. Results: The results showed that the expression of miR-125a expression is significantly lower in osteosarcoma tissues and cell lines. Survival curves showed that the survival of patients in high miR-125a expression was significantly longer than that of patients with low miR-125a expression, and multivariate analysis suggested that miR125a is an independent prognostic factor for osteosarcoma patients. In addition, it was found in this study that miR-125a can inhibit the growth of osteosarcoma cells. The dualluciferase reporter assay demonstrated that E2F2 is a novel target gene for miR-125a. In addition, in a recovery experiment, it was shown that miR-125a inhibits the biological function of osteosarcoma cells by inhibiting the expression of E2F2. Conclusion: Our results suggest that miR-125a acts as a tumor suppressor via regulation of E2F2 expression in osteosarcoma progression, and miR-125a may represent a novel therapeutic target for the treatment of osteosarcoma.
Introduction
Osteosarcoma often occurs in young adults and children and is a common primary malignant tumor of bone [1] . It is characterized by a high degree of malignancy, frequent distant metastasis and low long-term survival rate [1] . According to statistics, the 5-year survival rate of patients with osteosarcoma treated with surgery alone is approximately 16% [2] . Osteosarcoma often occurs in the metaphysis of long bones of limbs [3] . The initial treatment of osteosarcoma mainly involves surgical amputation, but this surgery has a high likelihood of trauma, high morbidity and low long-term survival rate. With the development of surgery and preoperative and postoperative chemotherapy, the clinical remission rate and long-term survival rate of osteosarcoma have greatly improved in recent times [3, 4] . Despite improvements in surgery and neoadjuvant chemotherapy, the clinical prognosis of most patients is still poor [2] . At present, the exact mechanism for the development and progression of osteosarcoma remains unclear; thus, clarifying the molecular mechanism of osteosarcoma development is important for its diagnosis and treatment.
miRNAs are small, non-coding RNAs discovered in recent years that play an important regulatory role in the development and progression of tumors [5] . They inhibit the transcription of key tumor-related genes and down-regulate their expression via binding to complementary 3' un-translated region (3'UTR) sequences on the corresponding mRNAs. Studies have shown that abnormal expression of miRNAs is closely related to biological behaviours of osteosarcoma, such as proliferation, metastasis and prognosis [6] . miR-125a is an miRNA that has been recently studied and recognized as a tumor suppressor [7] [8] [9] [10] [11] [12] [13] . miR-125a plays an important role in various cell processes, such as cell differentiation, proliferation and apoptosis, by regulating different target genes. However, the expression of miR-125a in osteosarcoma and its role in the development of this disease are unclear. This study aimed to investigate the expression of miR-125a in osteosarcoma and its relationship with prognosis and to study the biological effect and regulatory mechanism of miR-125a in osteosarcoma cells.
Materials and Methods

Patients and tumor tissues
A total of 65 paired fresh surgically resected osteosarcoma tumor tissues and adjacent non-tumor tissues were obtained from Shaoxing Hospital of Zhejiang University between November 2007 and November 2010. The specimens were immediately frozen in liquid nitrogen and stored at −80°C until use. Both tumor and non-tumor samples were confirmed by pathological examination. The patients' characteristics are summarized in Table 1 . This study was approved by Shaoxing Hospital of Zhejiang University according to the Declaration of Helsinki. Written informed consent was obtained from all participants.
Cell culture and transfection
Osteosarcoma cells lines including MG-63, U2OS, HOS and Saos-2 were obtained from American Type Culture Collection (ATCC) (Rockville, MD, USA). Human normal osteoblast cells NHOst were purchasedt from ATCC. miR-125a mimics and miRNA negative control (miR-NC) were designed and synthesized by GenePharma (GenePharma, Shanghai, China). For transfection, 2 × 10 5 MG-63 and U2OS cells were plated in 6-well plates (5 × 10 5 cells per well) and transiently transfected with 100 nM of miR-125a mimics and miR-NC using siPORT neoFX Transfection Agent (Ambion, Austin, TX), according to the manufacturer's protocol.
miRNA extraction and quantitative RT-PCR
Total RNA was extracted from cultured cells or tissues samples with a miRNeasy Mini kit (Qiagen). The cDNA of target miRNA was reverse transcribed from the total RNA using specific miRNA primer and a miScript Reverse Transcription Kit (Qiagen). miR-125a expression was measured with a miScript SYBR Green PCR Kit (Qiagen) using the ABI7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The mRNA expression levels of E2F2 was measured by qPCR with the ABI 7500 Real-Time PCR System. GAPDH and U6 were used as an internal control.
Western blotting
Cells were harvested and homogenized with lysis buffer 72 hours after transfection with miR-125a mimic and miR-NC mimics. Total protein was separated by denaturing 15% sodium dodecyl sulphatepolyacrylamide gel electrophoresis. The membranes were incubated with primary antibodies against E2F2 (1:500; Cell Signaling, CA, USA) and GAPDH (1:2000; Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 4 ˚C. After being extensively washed with PBS containing 0.1% Triton X-100, the membranes were incubated with HRP-conjugated goat anti-rabbit antibody for 30 min at room temperature. The bands were visualized using an ECL system (Millipore, Billerica, WI, USA).
Plasmid construction and luciferase reporter assay
The expression vector for miR-125a precursor sequence was generated by cloning the PCR product into a pCDH plasmid using the following primers:5′-CGGGATCCTCTTTCTGTCTCTGGCTCTCAGAA-3′ (forward) and 5′-CGGAATTCAGTGGTCTGGGGTCAGAGGTCA-3′ (reverse). The antisense miR-125a oligonucleotide (anti-hsa-miR-125a) and antisense miRNA control were purchased from Qiagen (Valencia, CA, USA). The E2F2 3'-UTR containing predicted miR-125a binding sites (both wild-type and mutant) were cloned into psiCHECK-2 plasmid. For the luciferase reporter assay, MG-63 cells were transfected with different combinations of miR-125a, miR-NC, psiCHECK-2-E2F2 3'UTR-WT and psiCHECK-2-E2F2 3'UTR-Mut for 24 hours. The relative luciferase activities were evaluated 48 hours later using the Dual-Luciferase Reporter Assay Kit (Promega).
Cell proliferation and invasion assays
After 24 hours of transfection, cells were harvested and seeded into 96-well plates at a density of 5×10 3 cells per well and cultured in an environment with 5% CO2 at 37°C for 1, 2, 3 and 4 days. Ten microlitres of CCK-8 solution (Dojindo Laboratories, Kumamoto, Japan) was added to the culture medium in each well. After incubation for1 hour, OD values were read using a microplate reader (Bio-Tek Company, Winooski, VT, USA) at 450-nm wavelength. The measurement at each time point was repeated in three wells, and the experiment was independently performed in triplicate. Cell invasion assays used transwell chambers (Corning; Tewksbury, MA, USA) coated with Matrigel (BD Biosciences; San Jose, CA, USA) on the upper surface. Briefly, cells were seeded in the chambers with medium containing 0.1% FBS, while medium containing 20% FBS was placed in the lower chambers. Twenty-four hours later, cells had invaded through the Matrigel were fixed with 4% paraformaldehyde and stained with crystal violet. The number of invaded cells was counted in five randomly selected microscopic fields and photographed.
Statistical analysis
The correlations between E2F2 expression and clinicopathological characteristics were analysed by χ2 test. Survival curves were plotted using the Kaplan-Meier method, and the significant difference was analysed by log-rank test. The influence of E2F2 on survival was assessed by the Cox proportional hazards model. Differences between experimental groups were assessed using two-tailed unpaired Student's t test. Statistical analysis was carried out with Graphpad Prism (version 6.01) (La Jolla, CA, USA) and SPSS 21.0 software (Chicago, IL, USA). A P-value of less than 0.05 was considered statistically significant unless specified otherwise.
Results
miR-125a expression is decreased in osteosarcoma tissues and cell lines
To understand the role of miR-125a in osteosarcoma, miR-125a expression was first detected by qRT-PCR in 65 pairs of osteosarcoma tissues and corresponding normal bone tissues. The relative expression of miR-125a in the cancer tissues normalized to U6 was 1.78 ± 0.24 (mean ± SD), while the relative expression of miR-125a in adjacent normal tissues was 5.64 ± 0.32. miR-125a expression was significantly down-regulated in osteosarcoma tissues compared with that in matched adjacent tissues (P<0.001, Fig. 1A) . Moreover, miR125a expression in osteosarcoma cell lines was lower than that of normal osteoblastic cell lines (Fig. 1B) .
Association between miR-125a expression and clinicopathological factors
We divided patients into high or low groups according to their median miR-125a expression (1.27). As shown in Table 1 , miR-125a expression was only associated with tumor size (P=0.001). There was no correlation between miR-125a expression and other clinicopathological factors, such as sex, age, histological grade, histological type and tumor stage. Furthermore, patients with low miR-125a expression had poorer overall survival than those with high expression of miR-125a (P=0.001, Fig. 1C ). Osteoblastic type, tumor size>8cm, stage III, and low miR-125a expression were poor prognostic factors by Cox regression univariate analyses (P<0.05, Table 2 ). In Cox regression multivariate analyses, tumor stage and miR-125a expression were independent prognostic factors ( Table 2) .
miR-125a suppresses osteosarcoma cell proliferation
To investigate the biological functions of miR-125a in osteosarcoma cell, we upregulated miR-125a expression in MG-63 and U2OS cells ( Fig. 2A, 2B) . Overexpression of miR-125a significantly inhibited the growth of MG-63 and U2OS cell (Fig. 2C, 2D ). We also examined the effect of miR-125a on the invasive abilities of osteosarcoma , and normal osteoblastic cell line NHOst was detected by qRT-PCR; (C) Kaplan-Meier curve for osteosarcoma patients classified as high or low miR-125a expression, the P-value was calculated using the log-rank test. 63 cells. The results showed that miR-125a substantially inhibited the luciferase reporter activity of the wild-type 3'UTR but not that of the mutated E2F2 3'-UTR (Fig. 4B) .
Cellular Physiology
Therefore, our results demonstrate that E2F2 is a direct target of miR125a in MG-63 cells.
To further confirm whether miR125a functionally targets E2F2 in regulating cell proliferation, we cotransfected osteosarcoma cells with miR-125a or E2F2 overexpression vectors or both, and measured their growth rate. The growth of cells transfected with miR-125a was significantly slower than that of controls, while the cells transfected with E2F2 showed the opposite results (Fig. 5) . Interestingly, E2F2 overexpression could completely rescue the suppressed proliferation mediated by miR-125a in both cell lines, suggesting that miR-125a inhibited cell growth through E2F2 (Fig. 5) .
Discussion
Studies have suggested that miR125a can inhibit the tumor growth and play a tumor-suppressive role [7] [8] [9] [10] [11] 14] . miR-125a has a low expression in a variety of tumors [7] [8] [9] [10] [11] , but its expression and function in osteosarcoma have not been studied. It was demonstrated for the first time in this study that the expression of miR-125a expression in osteosarcoma is significantly lower than that in normal para-carcinoma tissues, which is closely related to the tumor size. Further analysis of the relationship between miR-125a and overall survival showed that the survival of patients in high miR-125a expression was significantly longer than that of patients with low miR-125a expression, and multivariate analysis suggested that miR-125a is an independent prognostic factor for osteosarcoma patients. In addition, it was found in this study that miR-125a can inhibit the growth of osteosarcoma cells. The dual-luciferase reporter assay demonstrated that E2F2 is a novel target gene for miR-125a. In addition, in a recovery experiment, it was shown that miR-125a inhibits the biological function of osteosarcoma cells by inhibiting the expression of E2F2, revealing a new mechanism by which miR-125a regulates osteosarcoma cell growth through E2F2.
miR-125a expression is significantly reduced in osteosarcoma tissues, mainly due to the following two reasons: 1) miR-125a gene is located on chromosome 19q13.41, and the mutation or deletion of the chromosomal region or loss of upstream promoter region may be one of the reasons for decreased miR-125a transcription; 2) promoter methylation is an important regulatory mechanism of gene transcription. The increased methylation of miR-125a promoter may lead to a decrease in transcription factor recruitment to the promoter, thus resulting in a decrease in the expression of miR-125a. Previous studies have shown that miR-125a plays a role as a tumor suppressor genes in prostate cancer [15] , glioblastoma [16, 17] , breast cancer [18] , liver cancer [7, 19] , gastric cancer [11, 20] and cervical cancer [21, 22] . Wang et al. found that EGFR inhibited the invasion of lung cancer cells by activating miR125a, and miR-125a could also inhibit the proliferation of vascular endothelial cells [23] . In breast cancer, miR-125a is significantly down-regulated and displays the anti-tumor effect via ERBB2 and ERBB3 signaling pathways [24, 25] . Exogenous expression of miR-125a can significantly inhibit the proliferation and metastasis of pancreatic cancer cells [26] . miR-125a can inhibit the malignant transformation of pancreatic cancer cells by targeted regulation of MMP11 and VEGF-A [26] .
The E2F family is a group of important transcription factors that regulate cell cycle and apoptosis and is widely involved in the tumorigenesis of various cancer types. It plays an important role in cell proliferation and cell cycle regulation [27] . E2F2 is a member of the E2F transcription factor family, which functions as a proto-oncogenes, and its increased expression can promote the proliferation of tumor cells. It mainly binds to the retinoblastoma protein, Prb, in a cell cycle-dependent manner to regulate downstream cell cycle and expression of proliferation-associated proteins [28] . In addition, E2F1 and E2F2 maintain the steady state of cells together with p53 protein, and an imbalance in these proteins leads to tumorigenesis [29] . Besides, E2F2 can promote cell transformation by regulating G1 to S phase transition [30] .
In our study, we combined clinical and experimental studies to demonstrate a critical role of miR-125a in osteosarcoma. We found that miR-125a expression was low in osteosarcoma tissue and cells. Osteosarcoma patients with high miR-125a expression exhibit poor survival. miR-125a has a potent inhibitory effect on osteosarcoma cell proliferation. In addition, E2F2 is a direct target of miR-125a in osteosarcoma, and the suppressed cell proliferation mediated by miR-125a can be rescued by the restoration of E2F2 expression. Our work led to the identification of a novel functional pathway controlled by miR-125a and its direct target, E2F2, in osteosarcoma. Therefore, miR-125a may represent a novel therapeutic target for the treatment of osteosarcoma.
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